Nitride thin-film materials are deposited on resin substrates for application as flexible thin-film temperature sensors. Highly crystalline wurtzite (Al,Ti)N films deposited on polyimide substrates offer both negative temperature coefficient properties and flexibility. Thermistor constants (B values) are analyzed by measuring the temperature dependence of the electrical resistivity, Hall resistivity, and thermoelectric power. The B value is found to largely depend on the nitrogen content rather than on the titanium content in (Al,Ti)N, which suggests that electrical conduction through nitrogen atoms plays an important role in thermistor properties. The difference in electrical conduction mechanism between nitrides and oxides is also discussed on the basis of the analysis.
Introduction
In industry, temperatures are monitored and controlled by using sensor technology. There are various types of temperature sensors, including platinum resistance temperature detectors, thermocouples, and negative temperature coefficient (NTC) thermistor sensors. NTC thermistors are the most attractive temperature sensor solution when considering both sensitivity and cost-efficiency. 1)7) NTC thermistors are thermally sensitive semiconductor resistors in which the resistance decreases exponentially as the temperature increases. The electrical resistivity µ of an NTC thermistor is given by the following Arrhenius equation,
where µ 0 is a prefactor, T is the temperature, E a is an activation energy, and k B is the Boltzmann constant. Commercial thermistor properties are often defined in terms of both the resistance R and the B value, which is an important sensor design parameter. The B value is related to the temperature coefficient of resistance (TCR), which is B/T 2 . Recently, there has been demand for flexible thin-film thermistor sensors fabricated on resin film. These are anticipated to be attached to curved surfaces and inserted into narrow spaces for fast-response temperature detection. However, since conventional spinel oxide ceramics such as spinel (Mn,Co) 3 O 4 and perovskite oxides require firing temperatures of at least 600°C in order to obtain the designed thermistor characteristics, it has been difficult to deposit these oxides directly onto resin film to realize the sensors. 4) Moreover, crystalline oxide films are fragile and crack easily with bending.
Therefore, we have been focusing on nitride materials and coating technologies. Nitride materials such as cubic (Ti,Al)N film have been developed by using chemical and physical vapor deposition methods as a hard coating. 8) However, cubic TiN and (Ti,Al)N are not suitable for NTC thermistors due to their high electrical conductivity. 9 ), 10) In contrast, wurtzite AlN has been used for many applications in electronic devices, 11) 13) including as a piezoelectric material and in LED applications by exploiting their insulating nature and wide band gap of around 6.2 eV. 14) However AlN materials are not suitable for use in thermistors due to their high insulation. We therefore attempted to substitute an element M (where M represents various transition metal elements) for Al in order to create conductive carriers and induce NTC properties. Furthermore, since wurtzite AlN has a more covalent character, 15)17) wurtzite AlN systems are expected to exhibit toughness similar to the cubic nitrides and flexibility that allows bending without cracking.
On the basis of this background, we successfully obtained NTC properties from wurtzite (Al,Ti)N film deposited by reactive sputtering, using film growth techniques reported by several authors, 18) , 19) and here we investigate the electrical conduction mechanism in the nitride by considering the local crystal structure and electrical orbital hybridization. We establish an analytical technique for estimating the B value (temperature dependence of resistivity), which we have previously reported, 6), 7) and use this to compare the mechanisms of nitrides with those of conventional oxides. Finally, we evaluate an (Al,Ti)N film deposited on a polyimide substrate at low temperature and examine whether the nitride material is suitable for flexible thin film temperature sensors.
Experiment

Experimental procedure
(Al 1¹x Ti x )N y film of thickness 500 nm was deposited on Si wafers with a thermal oxide by RF magnetron reactive sputtering using PVD equipment. (Al 1¹x Ti x )N y films of various composition ratios x and y were fabricated by using AlTi targets of various compositions ratios. The sputtering parameters were an ultimate vacuum of 5 © 10 ¹6 Pa, a sputtering gas pressure of from 0.1 to 1 Pa, a target output power of from 100 to 500 W, and nitrogen gas partial pressure of from 10 to 100% in a mixed gas (Ar gas + N gas) atmosphere. The substrate was not heated and the substrate temperature during sputtering, as measured by thermo seal, was below 40°C. For some samples that exhibited NTC properties, (Al 1¹x Ti x )N y films were deposited on polyimide substrate of thickness 200 nm.
The crystal phases of nitride films deposited on the Si with thermal oxide substrates were identified by grazing incidence X-ray diffraction, using an angle of incidence of 1 degree, and a value of 2ª of from 20 to 130 degrees with Cu K¡ radiation. Lattice parameters were estimated by using TOPAS software (Bruker Corporation).
Texture observations were carried out by scanning and transmission electron microscopy (SEM and TEM).
Composition analyses of the samples were carried out by applying the electron probe micro analyzer (EPMA) scanning method with an accelerating voltage of 6.5 kV. Spectral overlap between Ti L«, L© and N K¡ was separated by using the interference correction method. Quantitative accuracies of Ti/(Al+Ti) and N/(Al+Ti+N) ratios were to within «1 and «2 atom %, respectively.
Chemical state analyses were performed by X-ray photoelectron spectroscopy (XPS) on a sputtered surface at a depth of about 20 nm from the outermost surface by Ar sputtering with an MgK¡ X-ray source (350 W). The oxygen ratio O/ (Al+Ti+N+O) of the film was about 1 atom % (quantitative accuracy to within «2 atom %). Oxygen atoms were included in the nitride film as inevitable impurities in the reactive sputtering process. The oxygen content of the present samples was very small and the electrical conduction was confirmed to be insensitive to the oxygen content.
Electrical resistivity µ was measured by the van der Pauw method where Pt needle electrodes are brought into contact with four corners of the sample using a measuring apparatus (Resitest, TOYO Corporation). The B values were estimated from the resistances at 25 and 50°C. Hall coefficients R H and Seebeck coefficients S were measured over the temperature range of 300 to 500 K, using the above apparatus. R H was measured under an external magnetic field of 0.53 T. S was estimated using a sample deposited on a glass substrate under a temperature difference of 5 K between the ends of the samples.
Theoretical analysis of B value
Analytic methods for B values have been examined previously with respect to oxides. 6),7),20), 21) The discussions are based on polaron conduction, in which the carrier mobility ® exhibits thermally activated behavior. According to this analysis, µ is described in terms of the number of carriers n and ® by the following Arrhenius equation:
where e is the elementary charge, and E g and W H are the activation energies of n and ®, respectively. The B values are estimated from the sum of E g and W H . The value of E g B/2 is equal to half of the energy gap between the conduction band and the valence band in an intrinsic semiconductor, and is equal to (E c ¹ E F ), where E c is the energy of the conduction band edge and E F is the Fermi energy. In this analysis, we have assumed that ® 0 is independent of temperature. This assumption does not change the qualitative understanding.
The Hall coefficient R H of a semiconductor is given by the following equation:
where E g is estimated by measuring the T dependence of R H , meaning that W H is estimated from the difference between the activation energies of µ and R H .
When R H is difficult to estimate due to large n and/or small ®, E g is alternatively estimated by measuring the thermoelectric power, which is useful for evaluating oxide thermistor materials. 1),6),7),20),21) The Seebeck coefficient S of a semiconductor material with thermally activated hopping conduction is given by the following Boltzmann equation:
where S 0 is the temperature independent term. E g is estimated by measuring the dependence of S on temperature, thus admitting analysis of the B value.
3. Results and discussion 3.1 Crystal structure identification of (Al,Ti)N films Figure 1 shows the grazing incidence X-ray diffraction pattern of (Al 0.85 Ti 0.15 )N y film with an angle of incidence of 1 degree. This sample was obtained by RF sputtering with parameters of a sputtering gas pressure of 0.4 Pa, a target output power of 300 W, and nitrogen gas partial pressure of about 30%. (Al 0.85 Ti 0.15 )N y film of high crystallinity was identified with a single wurtzite phase indexed as hexagonal symmetry (space group P6 3 mc) which is the same phase as AlN. The nitride film exhibited a strong c axis orientation perpendicular to the surface of the substrate, which was also confirmed by electron diffraction measurement from the TEM cross-section. All of the fabricated samples obtained with a Ti/(Al+Ti) ratio¯0.3 were found to be identified as wurtzite phase. Figure 2 shows the grazing incidence X-ray diffraction pattern of (Al 0.61 Ti 0.39 )N y film. The nitride film was identified as having a single rocksalt phase indexed as cubic symmetry (space group Fm-3m) which is the same phase as TiN. The samples with a Ti/ (Al+Ti) ratio > 0.3 had a cubic crystal structure except for some of the samples in the range 0.3 < Ti/(Al+Ti) < 0.35 in which two coexisting phases of wurtzite and rocksalt were identified. Figure 3 shows the unit cell volume of wurtzite (Al 1¹x Ti x )N y calculated from the hexagonal lattice parameters. The volume increases as Al is substituted by Ti, which is thought to be because the ionic radius of Ti ions is larger than that of Al ions. 24) The nitride film was thought to form a solid solution crystal in which Ti atoms are located in the Al sites. Fig. 1 . The observed sample was obtained by cleaving the Si with thermal oxide substrate. There was a high density of columnar crystals with diameters of around 10 nm « 5 nm. The broken columnar crystals were created when the substrate was cleaved. Considering the X-ray diffraction results from Fig. 1 , the growth direction of the columnar crystals, which was perpendicular to the surface of the substrate, was thought to be the c axis.
3.3 Electrical properties of (Al,Ti)N films Figure 5 shows the B value and electrical resistivity µ at 25°C of (Al 1¹x Ti x )N y as a function of x. The sample prepared with x = 0.0 (wurtzite AlN) exhibited high resistivity. In the wurtzite phase with x¯0.3, both B and µ values decrease with x. These results suggest that conductive carriers were doped by substituting Al with Ti. The B value in the region of 0.1¯x¯0.3 was less sensitive to changes in x than that in the region of x < 0.1. The B values in the wurtzite phase were larger than 1500 K, suggesting that the negative temperature coefficient of resistance was large and that wurtzite (Al 1¹x Ti x )N y is suitable for use in NTC thermistor sensors. In contrast, the B values of rocksalt (Al 1¹x Ti x )N y , where x > 0.3, were less than 1000 K, making application in thermistors difficult. Figure 6 shows the B value of (Al 1¹x Ti x )N y (x = 0.130.17) as a function of nitrogen content N/(Al+Ti+N) ratio [=y/(1 + y)] estimated by EPMA. The B value decreases as the quantity of nitrogen defects increases, meaning that (Al 1¹x Ti x )N y films with less nitrogen exhibit higher electrical conductivity.
The stoichiometric ratio in the absence of defects at the nitrogen site in wurtzite single phase is 0.5 [i.e., N/(Al+Ti+N) = 0.5]. However, from EPMA analyses of the nitride films, we hypothesized that the N/(Al+Ti+N) ratio of the sample with no defects at nitrogen sites is 0.54, for the technical reason that the quantitative accuracy of the light elements (nitrogen) on thin films is poor and a standard substance could not be prepared. However, this assumption does not change the qualitative understanding discussed below.
The relationship between B value and composition was investigated for (Al 1¹x Ti x )N y [x = 0.130.17, and y/(1 + y) = 0.52 0.53]. Looking at Fig. 5 , when the Ti/(Al+Ti+N) ratio increases by 1 atom %, the B values change by about ¹40 («20) K. In contrast, according to the result in Fig. 6 , when the N/(Al+Ti+N) ratio decreases by 1 atom %, the B values change by ¹250 («100) K. The B values largely depend on the nitrogen content rather than the titanium content in (Al 1¹x Ti x )N y . It is thought that electrical conduction through nitrogen atoms plays an important role in electrical conduction of (Al 1¹x Ti x )N y . Figure 7 shows the temperature dependence of the Hall and Seebeck coefficients, R H and S, respectively, of (Al 1¹x Ti x )N y [x = 0.15, y/(1 + y) = 0.53], which has a B value of 2525 K. There were nitrogen defects in the nitride film. The signs of R H and S were positive over the temperature range from 300 to 500 K, suggesting that hole carriers are the main contributor to the electrical conduction in this nitride. Figure 8 shows the Ti 2p 3/2 and 2p 1/2 XPS spectra of wurtzite (Al 1¹x Ti x )N y [x = 0.11, 0.15; y/(1 + y) = 0.53, 0.52] and rocksalt (Al 1¹x Ti x )N y (x = 0.39, 1.00) at a depth of about 20 nm from the outermost surface. The center of the Ti 2p 3/2 spectrum is at lower binding energy than that of the 2p 1/2 spectrum. According to the XPS database, 25) , but the number of Ti 3+ is very small, which means that there are fewer 3d electrons with N-type semiconductivity. According to the XPS valence spectrum (not shown) of (Al 1¹x Ti x )N y [x = 0.15; y/(1 + y) = 0.53], the density of states near the Fermi level was small, and the valence band edge formed 1 eV deeper than the Fermi level. From the results of the XPS analyses, we hypothesized that the 3d electrons do not contribute significantly to electrical conduction in wurtzite nitrides.
Discussion of electrical conduction mechanism of wurtzite (Al,Ti)N
Since wurtzite AlN is thought to exhibit both ionic and covalent character, 15),16) the electrical conduction mechanism in this system can be investigated by approaches from both ionic and covalent models. Generally, the electrical conduction mechanism in electric ceramic materials such as oxides has been studied by using a point defect model from the viewpoint of ionic bonding between the metal element and oxygen.
3), 5) In the case of the model for the (Al,Ti)N system, there are many candidates including associated conduction carriers, whether there are acceptor or donors at metal ions, Al vacancies, nitrogen vacancies. However, it is far from easy to detect the point defects experimentally. Based on the fact that nitride materials form ultrahard coatings, whereas oxide materials are fragile, the covalent nature of nitrides is believed to be larger than that of oxides. Therefore, in this study, we investigated the mechanism in wurtzite (Al,Ti)N from the viewpoint of covalent character.
Wurtzite AlN comprises a three-dimensional network of corner-sharing AlN 4 14) Itinerant carriers can be doped by both substituting Al with Ti and introducing atomic defects such as nitrogen vacancies. Candidates for the conduction carriers are thought to be the 3d electrons of Ti, which exhibit Ntype semiconductivity, and sp holes in the sp 3 hybridized orbital, which exhibit P-type semiconductivity. The latter holes occur when the sum of s and p electrons in Ti is less than that in Al and when there are nitrogen vacancies. From the XPS, Hall, and Seebeck measurements shown in Figs. 7 and 8 , we hypothesize that hole carriers generated in the sp 3 hybridized orbitals contribute significantly to the electrical conduction in wurtzite (Al,Ti)N, which has nitrogen defects.
We evaluated the validity of the sp 3 hole conduction model. The number of holes in sp 3 hybridized orbitals in (Al 1¹x Ti x )N 1¹¤ was calculated by using the results of EPMA composition analyses according to the following equation:
where the second and third terms are the number of sp electrons in Al and Ti, respectively, per formula unit, and the fourth term is the number of sp electrons generated by nitrogen defects ¤. In the calculations, the value of effective mass m Ã was assumed to be 0.33, which is the value for AlN. 26) In Fig. 9 , the B value of (Al 1¹x Ti x )N 1¹¤ is shown as a function of the number of sp 3 holes per formula unit. The data can be fitted by a straight line. When the number of sp 3 holes changes by 1 atom %, the B value changes by about ¹55 K. According to Eq. (7), the ratio of ¦B (the change of B value) for ¦x and ¦¤ [the change in Ti/(Al+Ti) and N/(Al+Ti+N) ratio] can be calculated.
As described in Section 3.3, the experimental values of ¦B/ ¦x and ¦B/¦¤ were ¹40 («20) K/atom % and ¹250 («100) K/atom %, respectively, and therefore it can be understood that when the calculated value is compared with the experimental value, the magnitude relation between ¦B/¦x and ¦B/¦¤ matches qualitatively. The calculated relation between ¦B/¦x and ¦B/¦¤ is 1/5 because the numbers change by 1 and 5 as x and ¤ are changed, respectively. These results suggest that the holes generated by substitution of Al with Ti and by nitrogen defects are doped in the same hybridized orbitals between (Al,Ti) sites and N sites. It is reasonable to conclude that the electrical conduction via sp 3 covalent bonding is dominant in wurtzite nitride.
Considering that AlN is a band insulator with direct transitions, 14) electrical conduction in this nitride appear to have a band conductive character where the band width of both the valence and conduction bands become wider as the number of carriers increases and the energy gap between the conduction band edge and the valence band edge decreases. As a result, the B value decreases due to the decrease in the activation energy of the carriers.
B value analyses for wurtzite (Al,Ti)N and conventional oxides
Based on the theoretical model described in Section 2.2, we analyzed the B value of (Al 1¹x Ti x )N y film and the conventional thermistor oxides in which the electrical resistivities µ at 25°C are around 1 to 2 k³ cm. Figure 10 shows the temperature dependence of the Seebeck coefficients S in conventional NTC oxides, perovskite La(Cr 0.6 -Mn 0.4 )O 3 and spinel (Mn 0.5 Co 0.5 ) 3 O 4 . These samples were sintered compacts obtained by general solid-state reaction in the atmosphere.
6) The signs of S in both samples were positive over the temperature range of 300 to 500 K. S decreases with increasing T, with the result that a hopping conduction approximation is possible in both oxides.
Looking at Fig. 7 , when we examined the temperature change of S in (Al 1¹x Ti x )N y [x = 0.15, y/(1 + y) = 0.53], S increased with increasing T, and therefore it was difficult to apply a hopping conduction approximation and we could not analyze the B value from the experimental results for thermoelectric power. However, the Hall coefficient R H exhibited Arrhenius behavior, that is, the inverse of the number of carriers decreased exponentially with temperature. We estimated the value of the activation energy of carriers (E g ) by Hall measurement, and found it to be about 1000 to 2000 K. (The margin of error was poor due to the poor measurement accuracy.) From Eq. (4), the activation energy of mobility (W H ) is estimated to be in the range of about 500 to 1500 K. 6), 7) The reason that the B value of the present wurtzite nitride was smaller than that of the oxide is due to the small W H value, that is, thermally excited hopping energy, which is related to the inverse of mobility, is smaller in the nitrides than in the oxides. We speculated that the origin of the smaller W H value is weaker electronic correlation in the AlN parent (carrier non-doped) material. AlN is a band insulator and carriers generated in sp 3 hybridized orbitals with covalent character are thought to have an itinerant band character, resulting in a large carrier mobility and a relatively small W H , which is consistent with the discussion in Section 3.4. The main factor behind the change in resistivity with temperature in the nitrides is due to the change in the number of thermally excited carriers because the nitrides have a large E g value.
The parent materials of spinel and perovskite oxides are charge-transfer type Mott the results of the Seebeck measurements in Figs. 7 and 10, the absolute value of S in the oxides is smaller than that in the nitride, which means that the number of carriers in the oxides is larger than the number in the nitrides under the same resistivity conditions. Despite the oxides having a larger number of carriers, the carrier mobility relevant to the M3d ¹ O2p transfer energy is small and contributes significantly to the temperature dependence of the carrier mobility, 6) which is consistent with the results in Table 1 . The main factor behind the change in mobility with temperature is the thermally excited hopping probability (transfer integral) for a strongly correlated electron to jump to an adjacent site. As a result, the NTC oxides have the large B values arising from the high activation energy of mobility.
3.6 Evaluation of wurtzite (Al,Ti)N film on polyimide substrate
Wurtzite (Al 0.85 Ti 0.15 )N y films deposited on Si with thermal oxide substrates and polyimide substrates under the same sputtering conditions without substrate heating exhibited B values of 2525 and 2527 K, respectively. From the results of X-ray diffraction measurement and cross-sectional TEM observation, it was confirmed that wurtzite (Al 0.85 Ti 0.15 )N y film deposited directly on polyimide substrate exhibits both high crystallinity and high density columnar crystals (of size about 10 nm in diameter), and these have a strong c axis orientation with respect to the substrate similar to the samples described above.
Wurtzite (Al,Ti)N film on the resin substrate can be bent by coordinating the internal stress in the film depending on the sputtering conditions. We successfully passed 100 repetitions of a bending test under conditions of a 6 mm radius. Wurtzite (Al,Ti)N nitride thin-film material is applicable to flexible thin film temperature sensors. 28) 
Conclusion
Highly crystalline wurtzite (Al,Ti)N films were developed and were found to exhibit both NTC properties and flexibility. Wurtzite (Al,Ti)N film can be directly deposited on resin substrates, and can be used in flexible thin film temperature sensors.
The B value largely depends on the nitrogen content rather than the titanium content of (Al,Ti)N in the heavily Ti doped wurtzite region. The electrical conduction mechanism of (Al,Ti)N was investigated from the viewpoint of local crystal structure and electron orbitals. We suggested a model in which conductive hole carriers are generated in sp 3 covalent orbitals by the introduction of nitrogen defects and by the substitution Al with Ti, and validity of this model was evaluated using composition analysis data.
B values were analyzed and divided into carrier and mobility components by measuring temperature dependence of various electronic properties, and the difference in electrical conduction mechanism between the nitrides and conventional oxides were clarified.
